General Introduction
====================

Epithelial-to-mesenchymal transition (EMT) is a process that plays essential roles in embryonic development and wound healing that is characterized by loss of homotypic adhesion and cell polarity and increased invasion and migration. When a carcinoma is progressing in malignancy and starting to metastasize, similar changes in cancer cells are seen. Consequently this is explained by an epithelial-mesenchymal transition (EMT) of cancer cells.

However, during carcinogenesis and malignant progression various phenomena on the molecular level like e.g. the myeloid antigen expression of cancer cells as well as on various clinical aspects like e.g. cancer as a non-healing wound cannot be explained by the widely accepted EMT-hypotheses. Therefore, the findings on which the EMT-hypothesis is based are scrutinized for their validity and we discuss another possible conclusion from them. As cancer cells express besides many common markers with mesenchymal cell specifically myeloid markers and behave like myeloid cells, we hypothesize that they undergo an Epithelial-Myeloid transition (EMyeT).

In the first part of our investigative literature review we point out why a different conclusion i. e. the Epithelial-Myeloid-Transition hypothesis (EMyeT hypothesis) can be drawn from scientific research findings. The EMyeT-hypothesis would allow us to understand the entailing reactions of the organism towards the carcinoma in a more comprehensive way than the EMT hypothesis. In the second part of our review we describe how within the EMyeT concept the myeloid cancer cells progress to pre-, osteoclasts and giant cells and due to their nature often migrate to the bone site. And again, how the reactions of the organism in coping with this bone related tumorous challenge will be discussed in view of the EMyeT hypothesis.

Part 1: The myeloid nature of cancer cells and their perception as an inflammatory process by the organism
==========================================================================================================

Introduction - The difficulties to differentiate between mesenchymal cells and myeloid cells in-vitro
-----------------------------------------------------------------------------------------------------

In a former publication we proposed an alternative or additional interpretation of the phenotypical and functional change of cancer cells when progressing in their malignancy, which is usually defined as the epithelial-mesenchymal transition (EMT) of cancer cells. Based on various special features of metastasizing cancer cells we suggested that the change can also be regarded as an epithelial-myeloid transition (EMyeT) [@B1]. To substantiate this view we will here describe functional, genetic and morphological aspects in addition to those already reported in the former publication. This interpretation may allow us to understand why the organism may perceive the carcinoma as a primary inflammatory process and reacts accordingly which ensures the fatal course of the disease in this context.

According to the EMT hypothesis cancer cells seem to pathologically recapitulate the normal epithelial-mesenchymal transition occurring during mammalian development, and during physiological wound healing [@B2]. However, the markers of EMT are not specific to mesenchymal cells; they are found also in migrating myeloid cells as well [@B3], [@B4]. Even certain myeloid cells may adopt a spindle-like morphology and therefore resemble mesenchymal cells [@B5]-[@B7]. EMT is the physiological process for wound healing and is necessary for the re-epithelialization of the wound. In cancer this does not occur because the cancer process remains at a stage comparable to the proliferation phase of a wound-healing process. This non-healing phase may be explained by the perception of the carcinoma as an uncontrolled primary inflammatory process.

The putative origin of cancer cells
-----------------------------------

Carcinomas arise in the epithelium, and because of the epithelial markers cancer cells express besides their myeloid or mesenchymal markers, they are thought to be of epithelial origin. As a consequence of this concept the origin of cancer cells is assumed to be purely from immature or mature epithelial cells. But is this conclusion compelling? There are several studies suggesting another origin of cancer cells. In one animal study Houghton et al. demonstrated that cancer in stomach epithelial tissue originated from myeloid bone marrow-derived cells. These cells were recruited to the site of epithelial tissue injury and inflammation, induced by a chronic helicobacter infection. The bone marrow-derived cell adopted a gastric epithelial phenotype. The cells subsequently progressed through metaplasia and dysplasia to intraepithelial cancer [@B8]. Cancer detected in patients who had received bone marrow transplants demonstrate that hematopoietic cells were incorporated into neoplasia and had adopted the phenotype of epithelial cancer cells [@B9]-[@B11] In an in-vitro study CD34 liver cancer stem cells were initiated by fusion of CD34 hematopoietic precursor-derived myeloid cells with hepatobiliary stem/progenitor cells [@B12]. As this fusion or exchange occurs via inadequate partners, it may result in aneuploidy and the merged characteristics of myeloid cells with epithelial cells or melanocytes, which are specific features of cancer cells. The findings that cancer cells may derive from fusions of progenitor-epithelial cells with cells committed to the myeloid lineage are substantiated by another animal study from a different viewpoint. MTA transgenic mice are deficient in MHC-II positive cells in the epidermis and therefore lack Langerhans cells or any other myeloid cells in this tissue. Researchers expected MTA transgenic mice to be very prone to skin carcinogenesis due to the lack of Langerhans cells in their epidermis. The contrary was the case. The animals were resistant to squamous cell carcinoma induction in the skin [@B13]. This study indicates that myeloid cells in the epithelium may be a prerequisite for cancerogenesis.

Based on these results the epithelial myeloid transition hypothesis assumes that cancer originates from epithelial cells which may have fused with committed myeloid cells and thus interprets the origin of cancer cells differently from the EMT.

Some simplistic basics of mesenchymal cells and myeloid cells
-------------------------------------------------------------

Mesenchymal cells and myeloid cells are part of the differentiation of the mesoderm during embryonic development. The mesenchymal precursor cell is their common predecessor. From there on they differentiate in two different cell lineages: the mesenchymal stem cell and the hematopoietic stem cell. The mesenchymal stem cell may differentiate into fibroblasts, myoblasts, osteoblasts, chondroblasts, adipocytes, endothelial cells and cardiomyocytes. Under pathological conditions they may form sarcomas. Myeloid cells on the other hand originate from hematopoietic stem cells and form the cell family of monocytes, macrophages, dendritic cells, osteoclasts, microglia and Kupfer cells. The monocyte cells among the myeloid cells may still preserve their mesodermal plasticity and in-vitro can be reprogrammed to adult stem cells and under conditions known to induce mesenchymal differentiation develop into cells of the mesenchymal lineage [@B14], [@B5]. We come back to this aspect, when we discuss the EMT hypotheses as a possible in-vitro artefact in the discussion chapter. Vice-versa, to our knowledge there is no publication showing that mesenchymal cells may transdifferentiated into myeloid cells, although they may enhance their formation.

Common metabolism between cancer and activated myeloid cells: aerobic glycolysis
--------------------------------------------------------------------------------

Tumors generally show a shift in their metabolism from oxidative phosphorylation to glycolysis and thus exhibit increased glycolysis for ATP generation [@B15]. They obtain as much as 50% of their ATP by metabolizing glucose directly to lactic acid, even in the presence of oxygen [@B16]. Increased glycolysis induces acidification of the local environment, limiting proliferation and inducing cell death through necrosis and apoptosis [@B17].

Glycolysis however is not a specific hallmark of cancer cells. Activated monocytes, dendritic cells, macrophages, lymphocytes, astrocytes, retina cells, white muscle cells and auditory hair cells gain their energy by glycolysis even in the presence of sufficient oxygen. An increased speed of energy production, which glycolysis enables, is required for the proliferation or reactivity of these cells. Here we hypothesize that aerobic glycolysis of cancer cells is a hallmark which is based on their myeloid traits and nature.

Common clusters of differentiation between cancer cells and cells of the myeloid lineage
----------------------------------------------------------------------------------------

When we compare the surface markers of cancer cells with those of osteoclasts and their myeloid lineage progenitors, we detect multiple correspondences described by us in a former publication [@B1].

Other common surface markers
----------------------------

Other than the above cited clusters of differentiation, a multiplicity of surface markers are expressed by both cancer and myeloid lineage cells, of which we name here only the following: Trap, TREM2, Cathepsin K, TLRs, RANK, ADAM, DAP12, OSCAR (Osteoclast Associated Receptor), MAC387, DC-STAMP, NK1 receptor, BMP receptor, Protease activated receptor-1, TRAF-6 and calcitonin receptor [@B18]-[@B24]. The calcitonin receptor along with TRAP, OSCAR, NFATc1 and Cathepsin K are specific pre-/osteoclast markers [@B1], [@B25], [@B26]. These markers are expressed neither by epithelial nor mesenchymal cells, and suggest that cancer cells even in their primary site are related to the various stages of myeloid cells. i.e. from stem cells to progenitor cells of monocytes, dendritic cells, macrophages through to preosteoclasts.

Common transcription factors between migratory cancer and myeloid cells
-----------------------------------------------------------------------

The transcription factors ZEB, Twist1, Slug (Snail), the cytoskeleton Vimentin, the adhesion protein N-cadherin and the matrix substance fibronectin are commonly considered as mesenchymal markers. However, these markers are expressed and activated in migrating leucocytes as well. ZEB2 is upregulated in migratory dendritic cells as well as in monocytes and widely expressed among hematopoietic lineages [@B27], [@B28]. ZEB1mediates a diverse array of processes including mesoderm-derived cell differentiation, is activated in migrating dendritic cells and in tumor associated macrophages [@B29], [@B27]. N-cadherin plays a role in migrating dendritic cells [@B27]. Twist1 plays a decisive role in myeloid lineage development and cytokine expression by macrophages [@B30]. Migrating macrophages express Snail, and downregulation of Snail leads to impaired migration of macrophages [@B31]. The TGF-beta1-induced migration of activated macrophages is mediated by Snail [@B31]. The extracellular protein substance fibronectin adheres to integrin alphavbeta3 and alpha1beta3, which are expressed by macrophages/preosteoclasts [@B32]. Macrophage interaction with fibronectin is recognized as an important aspect of wound repair and activates macrophage migration [@B33]. The assumed mesenchymal markers of cancer cells could therefore also be myeloid markers, especially of dendritic cells, macrophages and preosteoclasts when they are migrating. The interpretation that cancer cells undergo EMT based on these markers alone could be premature or even a fallacy.

Common gene clusters between cancer cells and cells of the myeloid lineage
--------------------------------------------------------------------------

In a gene-profiling analysis of mouse mammary EpRas tumor cells and of 38 human breast cancer cell lines gene clusters of monocyte/macrophage were identified after activation by TFG-β1. In human breast cancer cell lines basal B cells and ER- and PR- negative cells displayed the highest activation of myeloid gene clusters [@B34]. Canine mammary cancer cell lines highly expressed genes of the myeloid lineage [@B35]. Transcriptome profiling of human prostate cancer cell lines indicated that they harbor a genetic signature of myeloid cells that is associated with the differentiation and maintenance of myeloid cells. However, their myeloid markers were only up-regulated in castration-resistant prostate cancer (CRPC) cells that showed inactivation of the classical AR pathway and were Enzalutamide resistant, i. e. the more malignant cancer cells. These cells upregulated the programmed death ligand 1(PD-L1) inhibiting anticancer immune response [@B36].

Common role of IGF-1/II in cancer cell proliferation and myeloid cell activation
--------------------------------------------------------------------------------

IGF-1 and 2 (Insulin like growth factor 1 and 2) play a key role in inflammatory processes, in bone remodeling as well as in cancer initiation and progression.

IGF-1 is implicated in the proliferation of many types of cancers such as pancreas, prostate, mammary, and colorectal carcinoma. Mouse models where circulating IGF-1 levels are reduced, while tissue expression of IGF-1 is normal, show lower risk for the development of colon and breast cancer and metastases when compared to control mice [@B37]. Patients with Laron syndrome (inactive GH receptor resulting in IGF-1 deficiency) seem to be protected from cancer [@B38], [@B39]. Upon withdrawal of IGF-1 from the medium the cancer cells revert to an epithelial morphology in in vitro tests. IGF-1 plays an important role in the transition of a sedentary cancer cell to a migratory one [@B40]. Some cancer cells may secrete IGF-1 or IGF-II acting as an autocrine factor for cancer cell growth [@B41].

Resident myeloid cells (tissue monocytes and macrophages) can be a prominent source of IGF-1 and IGF-II regulating inflammatory processes and promoting the growth of hematopoietic and other cells [@B42]-[@B44].

Common role of M-CSF (CSF-1)/CSF-1R in the biology of cancer and of myeloid cells
---------------------------------------------------------------------------------

The hematopoietic receptor-ligand pair of macrophage-colony stimulating factor (M-CSF/ CSF-1) and its receptor CSF-1R have been found to be important in the biology of breast cancer, renal cell cancer, pancreas cancer, neuroendocrine pancreas cancer, prostate cancer, ampullary cancer, bladder cancer, ovarian cancer and non-small lung cancer. The increased plasma level of M-CSF can be used in diagnosing breast cancer, especially when discriminating between cancer and non-carcinoma lesions [@B45]. Invasion and metastasis of breast cancer cells are driven by this cytokine pairing of tumor cells and macrophages. This cytokine pair physiologically regulates the growth and differentiation of hematopoietic progenitor cells into monocytes, dendritic cells and bone-resorbing osteoclasts, and functionally activates mature neutrophils or macrophages [@B46]. The pair seems to be important for the migratory state of macrophages as well as of cancer cells, thus demonstrating their relationship.

Common activation of the two major stress axes (HPA axis and SNS) in cancer patients and patients with inflammatory diseases
----------------------------------------------------------------------------------------------------------------------------

Evidence clearly demonstrate a pivotal role of the sympathetic nervous system (SNS) and its neurotransmitters in regulating inflammation as well as influencing the course of cancer [@B47]-[@B49]. Inflammatory cells as well as cancer cells may secrete inflammatory cytokines like interferons, interleukins and tumor necrosis factor which stimulate the activation of the hypothalamic-pituitary-adrenal axis (HPA axis) [@B50], [@B51].

Common activation of NFkappaB, S100A8/S100A9 protein expression, toll-like receptors and Stat3 in cancer and in myeloid lineage cells
-------------------------------------------------------------------------------------------------------------------------------------

In about 40% of the tissue specimens of various cancer sites, constitutive NFkappaB and STAT3 activation has been noted. The transcription factors may be involved in tumor-initiating angiogenesis and invasiveness [@B52].

Elevated S100A8/S100A9 protein expression and corresponding inflammatory cytokines expression has been detected in various cancer cells and are a marker for activated myeloid cells in an inflammatory response. Toll-like receptors are expressed on immune cell and on cancer cell. When activated both cell types release inflammatory cytokines/chemokines. Immune competence is a decisive trait of cells of the myeloid lineage and is uncharacteristic of matured mesenchymal cells.

MCP-1 secretion by cancer cells and activated monocytes
-------------------------------------------------------

Besides its production by macrophages, osteoclasts, fibroblasts and endothelial cells, monocyte chemoattractant protein 1 (MCP-1 or CCL2) is secreted by cancer cells as well. MCP-1 plays a critical role in the recruitment and activation of monocytes to sites of inflammation, injury and cancer as well as in bone remodeling [@B53]. In the later it is involved in the receptor activator of NF-kappa ligand-induced fusion of preosteoclasts, and enhances osteoclastogenesis [@B54].

In several cancers MCP-1 has been shown to be an important factor for tumor growth and migration [@B54].

Cancer as a non-healing wound, and adrenergic and cholinergic hyperinnervation
------------------------------------------------------------------------------

To explain the persistence of glycolysis and malignancy of cancer cells in connection with the carcinoma as a non-healing wound, a further aspect seems to be essential, i.e. the cholinergic and especially the adrenergic hyperinnervation of the tumor site. Cancer cells increase their adrenergic as well as their cholinergic receptors. An increase in beta-adrenergic signaling of cancer cells has been found at many tumor sites, as a decisive factor in the development and progression of malignancy [@B48], [@B49]. Moreover, there is an increased secretion of norepinephrine in the circulation of cancer patients. Certain forms of adrenergic signaling stimulate angiogenesis to ensure better energy supply, increasing glucose levels in the blood, and glycolysis, and contributing to immune tolerance of the tumor [@B55]. Under the persistent adrenergic influence at the tumor site, immigrating macrophages develop into anti-inflammatory M2 macrophages and pro-inflammatory M1 macrophages [@B56]. Patients with mammary carcinoma have higher norepinephrine levels and a lower heart-rate variability (HRV) indicating that overall sympathetic activity has significantly increased [@B57]. On the other hand, a relative higher vagal activity is related to increased survival of patients with breast cancer [@B58].

This process may be comparable to adrenergic hyperinnervation and increases in circulatory norepinephrine levels in the case of a severe injury and wound during the proliferating and remodeling phase. Systemic response to injury is characterized by massive release of norepinephrine into the circulation as a result of global sympathetic activation [@B59]. The decisive role of the adrenergic activity to the local anti-inflammatory mechanism has been demonstrated for the inflamed eye, with striking similarities in immune reactions to a carcinoma site [@B47], [@B60].

Part 2: The seemingly inflammatory process of EMyeT is superimposed by cancer cells progressing into stages of myeloid cells comparable to preosteoclasts and osteoclasts
=========================================================================================================================================================================

Do cancer cells hoax osteomimetic properties or are they intrinsically preosteoclastic?
---------------------------------------------------------------------------------------

Most known human carcinomas show an increased expression of bone-specific proteins, i.e. osteopontin, osteocalcin and sialoprotein [@B61]. Osteopontin is produced both by cancer cells and by osteoblasts and osteoclasts. Osteopontin is one of the major noncollagenous bone matrix proteins. It binds to osteoclasts or cancer cells via CD44 or/and integrin alphavbeta3. Osteopontin-integrin alphavbeta3 signaling mediates CD44/MMP-9 complex formation on the cell surface, and enhanced survival in gastrointestinal and other cancer cells [@B62], [@B63]. It is involved in MMP-9 secretion and migrating motility. Thus, the expression level of osteopontin correlates with the metastatic potential of several cancer tumors.

When several preosteoclasts fuse into an osteoclast they intracellularly overexpress certain signaling pathways which are likewise overexpressed in cancer cells during their proliferation [@B64]. STAT3 and NFkappaB are a prerequisite for the maturation of preosteoclasts into osteoclasts, and consequently the inhibition of NFkappa B activity blocks this developmental differentiation. NFkappaB induces the RANKL expression of osteoblasts [@B65]. The constitutive activation of NFkappaB is also a prerequisite for MMPs secretion and thus for the bone-resolving capacities of osteoclasts [@B66]. STAT3 activation is required in this context as well [@B52]. In bone remodeling the RANK-RANKL system belongs as a cytokine system to the tumor-necrosis factor family involved in osteoclastogenesis but as well as in the progression of cancer.

Analysis of surgical biopsy specimens showed the expression of RANKL, RANK and osteoprotegerin (OPG) in primary carcinomas, namely of lung, breast, head and neck, colorectum, kidney, thyroid and liver. The median percentage of RANKL-expressing cells was 60% in primary tumors and metastases, without any statistically significant difference between the two groups [@B67]. This study highlights the activity and function of the RANKL-RANK system not only in bone metastasis management but also in primary tumors.

Multiple publications describe the osteomimetic properties of cancer cells and relate this to their bone metastasizing properties [@B68]-[@B71]. The biomarkers of cancer cells like RANKL, Runx2, osteocalcin and PTHrP are interpreted as osteomimicry and a hoax by cancer cells to deceive the bone cells in order to metastasize at this site. We interpret these properties not as an osteomimetic feature of mesenchymal cancer cells but as the real nature of migrating cancer cells.

Common migration pattern of cancer cells and myeloid cells: trafficking to lymph nodes and the bone
---------------------------------------------------------------------------------------------------

The migration of cancer cells closely resembles that of cells of the myeloid lineage e.g. dendritic cells, macrophages and preosteoclasts [@B72], [@B73]. Both cancer cells and dendritic cells target the regional lymph nodes induced by the same signals [@B73]. This migration through the lymphatic system is not known in the case of mesenchymal cells. Preosteoclasts show the same extraordinary and unusual ability to migrate and transmigrate through cell layers and tissues in order to reach the skeleton. In cancer cells, as in preosteoclasts, a dynamic actin remodeling appears as one major factor endowing these cells with the migrating property. During transmigration, cancer cells such as osteoclast precursors express integrin alphavbeta3 around actin patches [@B74]. Matrix metalloproteinases secreted at the podosomes site are required for the degradation of the extracellular matrix and this contributes to the invasiveness of cancer cells. The same function facilitates the migration of preosteoclasts through barriers and to form pits in the bone [@B75]. Although nearly all cancers may frequently metastasize to the bone, the commonest malignant tumors have a special predilection for the skeleton. Monocytes in the peripheral blood and perhaps in inflamed areas, when becoming committed to the osteoclast lineage, traffic to the bone in the same way [@B74].

Common role of the chemokine receptor CXCR4 - chemokine SDF-1 (CXCL12) axis in cancer pathogenesis and in osteogenesis
----------------------------------------------------------------------------------------------------------------------

The chemokine receptor-chemokine axis CXCR4/SDF-1 plays multiple roles in tumor pathogenesis [@B76] as well as in osteogenesis [@B77]. The tumor cells crosstalk with tumor-associated fibroblasts, as do osteoclasts with osteoblasts via the chemokine axis CXCR4/SDF-1. The trafficking of cancer cells and preosteoclasts to bone involves many common factors, among them chemoattractants such as SDF-1(CXCL-12) /CXCR4 axis, MCP-1, transcription factors such as NFkappaB and STAT3, cytokines like RANK/RANKL and Il-6, hormones such as osteocalcin, estrogen, androgens, further neurotransmitters, alphavbeta3 integrins/osteopontin and calcium signaling pathways [@B74].

Common neurogenesis and neuronal dependency between bone cells and cancer cells
-------------------------------------------------------------------------------

Bone remodeling, like most other homeostatic functions, but also carcinogenesis and cancer progression, and metastasizing capacities, is subject to sympathetic influence. 70 to 90% of breast, colon, gastric, lung, ovary, nasopharyngeal and prostate cancer tissues express beta2-adrenergic receptors. The migration of breast, prostate, ovary and colon carcinoma cells is enhanced by the stress-related neurotransmitter norepinephrine, and this effect can be inhibited by the beta-blocker propranolol [@B78].

Osteoblasts as well as osteoclastic cells are equipped with adrenergic receptors and neuropeptide receptors [@B79]. Sympathetic neurons in the hypothalamus and bone control osteoblast activity in bone formation and osteoclast activity in bone resorption via beta2-adrenergic receptors. Increased sympathetic nervous system activity leads to increased bone resorption through beta2-adrenergic receptors [@B79].

Osteoblastic and osteoclastic cells on the one hand, and cancer cells on the other, constitutively express diffusible axon-guidance molecules such as netrins and neurotrophins, known to function as chemo-attractants for growing nerve fibers [@B80], [@B81].

Estrogens and androgens
-----------------------

Cancer growth and malignancy on the one hand, and bone remodeling on the other, are influenced by hormones e.g. sex steroids such as estrogens and androgens. Therefore, hormonal treatment of cancer often exerts a severe impact on bone remodeling as well. A detailed description of theses interactions, however, would surpass the context of our review and are, therefore, not further discussed.

Common calcium signaling in cancer, related hormones and bone remodeling
------------------------------------------------------------------------

The calcium signaling pathways seems to play an important role in cancer like in bone remodeling. Vitamin D, osteocalcin, calcitonin, osteopontin and parathyroid hormone-related peptide are reviewed in this study. Various studies hint at their decisive role not just in bone metastases, but in carcinogenesis and in cancer procession as well.

Calcitonin is a small neuropeptide hormone produced in the thyroid and counteracts the activity of parathormon. Both hormones regulate calcium and phosphate metabolism in the organism. Calcitonin is secreted in response to hypercalcemia. The calcitonin receptor together with TRAP are specific markers of osteoclasts [@B82]. Calcitonin is not expressed by macrophages [@B83], [@B84]. Besides calcitonin\'s role in bone remodeling by inhibiting the bone resorbing activity of osteoclasts, it is decisively active in cancer, as demonstrated with prostate and breast cancer cells. In animal studies calcitonin inhibited invasion of breast cancer cell and suppressed ERK1/2 phosphorylation [@B85]. However, in prostate cancer cells it seems to exert an opposite effect. It is produced by prostate cells for autocrine and paracrine stimulation of growth and invasiveness [@B86].

Parathyroid-hormone-related peptides (PTHrP), among other things, are involved in epithelial-mesenchymal interaction during the formation of the mammary gland. In bone remodeling it acts between osteoclasts and osteoblasts and, under pathological conditions, is an essential growth factor for various cancers. During tumor growth and invasion its expression is modulated by a number of growth and also angiogenic factors, such as interleukins, tumor-derived growth factor beta, platelet-derived growth factor and vascular endothelial-derived growth factor [@B87]. PTHrPs are the factors responsible for hypercalcemia associated with malignancy [@B72]. Most malignant human tumors express this hormone abundantly; however this results in hypercalcemia only in a percentage of the tumors [@B87]. Prostate cancer derived PTHrP acts in the bone marrow to potentiate myeloid cells, which are recruited to tumor tissue where they contribute to tumor angiogenesis and growth [@B88]. PHTrP might be related to heterotopic ossification associated with malignancies [@B89].

Osteocalcin is a small, highly conserved peptide hormone, which plays an important role in the remodeling of bone as well as in cancer progression. Osteocalcin has been detected in prostate, breast, lung and pancreas carcinoma as well melanoma. Osteocalcin expressed in pancreatic cancer cell lines enhanced cell growth and invasion through autocrine and paracrine mechanisms [@B90]. Most studies on osteocalcin\`s role in cancer involve prostate and breast cancer. Elevated osteocalcin protein levels in the serum are found in metastatic prostate and breast cancer compared to non-metastatic patients [@B91].

Coupling between cancer cells and mesenchymal cells is comparable to the coupling between osteoclasts and mesenchymal cells i.e. osteoblasts
--------------------------------------------------------------------------------------------------------------------------------------------

The key factors in the coupling of osteoclast with osteoblast and vice-versa are SDF-1, IGF-1 and S1P. All three factors are present at the cancer site and play an important role in the progress of malignancy. Both cancer cells and osteoclasts are coupled with mesenchymal cells and need them for their growth, differentiation, migration activity and survival. Cancer cells are coupled with the mesenchymal tumor-associated fibroblast, as osteoclasts are spliced with mesenchymal osteoblasts.

In the tumor, cancer cells are constantly interacting with tumor-associated stromal cells. The latter are not just bystanders in the tumor region, but contribute to tumor progression, fibrosis and metastasizing capacity [@B92]. The cancer cell releases factors that enhance the ability of the fibroblast to secrete a variety of tumor-promoting chemokines involving the CXCL12-CXCR4 axis [@B76], Rankl-Rank, ephrinB2-EphB4, and PTHrP-type 1- PTH receptor. Moreover, preosteoblasts may promote breast cancer migration and seeding to the bone by producing hepatocyte growth factor (HGF) which interacts with the tumor cells [@B93].

A certain percentage of the stromal cells of the cancer site originate in the bone marrow of the host. Primary tumors are able to encourage the mobilization and recruitment of fibroblast precursors from the bone marrow, indicating that such tumors interact with the bone marrow in order to expedite their own proliferation.

Similar biological functions exist between preosteoclasts and osteoblasts. They also communicate by these chemokines, through cell-to-cell contact, diffusible paracrine factors and cell-bone matrix interaction [@B94]. The osteoclasts are dependent on this crosstalk for their differentiation [@B94].

Common sensitivity to antirheumatic, steroids, bisphosphonates, polyphenols and cytostatics
-------------------------------------------------------------------------------------------

Both cancer cells and osteoclasts are inhibited by antirheumatics, vitamin D [@B95], [@B96], bisphosphonates and polyphenols. The antirheumatic and analgetic substance aspirin inhibits the transformation of a benign tumor into malignant one. In vitro studies with various antirheumatics show that they inhibit the growth and proliferation of cancer cells [@B97].

Bisphosphonates not only inhibit osteoclastogenesis but also show direct anti-tumor effects on cancer cells [@B98].

Numerous in vitro-, in vivo and epidemiological studies demonstrate that polyphenols, a substance class found in various plants, demonstrate direct antitumoral activity [@B99] as well as inhibition of osteoclastogenesis [@B100].

The EMyeT hypotheses could explain specific toxicity of cytostatics. Due to the assumed myeloid nature of cancer cells, cytostatics not only destroy cancer cells but myeloid cells as well, thus causing myeloid depression. On the other hand, bone marrow with its production of myeloid cells may be a source for refilling the tumor site with new cancerous progenitor cells after the termination of cytostatic treatment. A further aspect is the adverse effects of most antitumoral therapeutics on bone remodeling, which again could be explained by the related nature of carcinoma cells and bone cells.

Discussion
==========

EMT is a widely accepted concept for explaining the transition of an epithelial sedentary cancer cell to a migratory one with mesenchymal markers, although some researchers questioned the EMT hypothesis from the outset [@B101]. Properties of cancer cells not in compliance with these hypotheses are often dismissed as aberrant differentiation or inappropriate gene expression, as mimicking the macrophages phenotype, as hijacking or harnessing the programs of other cell types, as hoaxing osteomimetic properties or behaving like another cell type, for instance dendritic cells, or as an epiphenomenon. In our investigative review, we substantiate the hypothesis that migrating and already sedentary primary cancer cells partly show properties of myeloid cells, and consequently aberrant properties may in fact be their inherent nature. The EMyeT-hypothesis does not require us to postulate a specific immune-escape mechanism or immune evasion of cancer cells. The normal communication of inflammatory cells in a chronic inflammatory process may explain the immune tolerance toward cancer cells. [@B102], [@B103] In spite of intensive research by various research groups, no specific immune-escape mechanism of cancer cells has been detected that could be therapeutically exploited, and the checkpoint inhibitors demonstrate that the whole immune homeostasis has to be broken down to affect cancer cells as well as many other functional cells. Besides this, the EMT hypothesis cannot explain the features of a carcinoma as a non-healing wound, the lymphatic access of tumor cells, metastatic spread to bone sites and malignancy of the process. [@B104] The EMyeT hypothesis can easily explain these characteristics of carcinomas.

A decisive aspect is often overlooked in research on the EMT hypothesis. The mesenchymal markers of cancer cells identified in most studies are not specific to mesenchymal cells but, as we have described in this paper, are expressed by migratory myeloid cells as well. Thus, problematically, there are no specific markers for a mesenchymal cell derived from a cancer cell by which their EMT could unequivocally be determined in the laboratory except by further inducing them to differentiate into adipocytes or osteoblasts. Even the morphology of myeloid cells may adopt that of mesenchymal cells, i.e. a spindle-type morphology. In-vitro peripheral blood monocytes may be reprogrammed to a state of plasticity, where they differentiate into mesenchymal cells when exposed to mesenchymal induction conditions [@B5], [@B14]. In view of the hypothesis that cancer cells are myeloid hybrids, the question arises whether the epithelial-myeloid transition of cancer cells may be laboratory artefact.

Based on these results, the epithelial myeloid transition hypothesis assumes that cancer originates from epithelial cells which may have fused with or adopted traits of committed myeloid cells, and thus interprets the origin of cancer cells differently from the EMT-hypothesis [@B105], [@B106]. One exception to the EMyeT hypothesis may exist. These are basal cell carcinomas. Their tumor cells may not be initiated in connection with fusion and adoption of myeloid traits. They arise in the basal layer of the skin which is devoid of Langerhans cells resulting in no, or only marginal, contact of cancer cells with myeloid cells. This may explain why no fusion or adoption of myeloid traits is possible, and consequently why this cancer very seldom metastasizes.

But why does the organism react to the carcinoma as if it were an injury, a tissue damage, and a wound? We hypothesize that this reaction is due to the myeloid nature and function of cancer cells. The organism may perceive the cancer cells as proliferating myeloid cells and accordingly interpret their increase and cytokine expressions as a wound process provoked by tissue damage. This reaction provokes a certain alarm state and stimulates further myeloid proliferation, and consequently the progression of the carcinoma. It ensures continuous and increased nutrient supply to the tumor at the cost of other requirements of the organism, immune tolerance, further myeloid attraction, neoangiogenesis; and it increases glycolytic imbalance. As the glycolytic imbalance of carcinoma cells is an intrinsic factor of their malignancy, the inflammatory proliferation phase cannot proceed to the inflammatory resolution and remodeling i.e. the reepithelization phase. In the inflammatory resolution and re-epithelialization phase, the myeloid cells switch their energy supply from glycolysis to oxidative phosphorylation. As this does not occur in cancer cells, final healing is prevented and the carcinoma becomes a non-healing wound.

The question may arise whether the EMT and the EMyeT hypothesis are contradictory, complementary, parallel or overlapping concepts, or whether the EMT hypothesis may be a laboratory artefact and a fallacy? A Canadian and an US-American research group proposed a parallel concept of EMT and EMyeT respectively an Epithelial to Leucocytic Transition in prostate- and colorectal cancer patients [@B36], [@B104]. A Swedish research group from Karolinska Institute, Stockholm, hypothesizes that tumor cells having performed the EMT acquire myeloid traits in addition [@B34]. The majority of studies indicating myeloid traits of cancer cells do not discuss these findings in respect of the EMT hypotheses. Although there are numerous publications on myeloid properties of cancer cells indicating incongruencies of the EMT hypotheses, the number of publications specifically challenging the EMT hypotheses is very scarce.

The EMyeT hypothesis must be seen in connection with three other decisive factors of cancer. Besides glycolysis and the coupling of cancer cells with mesenchymal cells, the third factor is the adrenergic hyperinnervation of the carcinoma and the overall increase of adrenergic activity in the patient [@B55]. The adrenergic hyperinnervation of the carcinoma may be due to increasing cancer cell numbers with myeloid markers, due to their putative perception and interpretation by the organism as an inflammatory wound process. The adrenergic hyperinnervation and activity causes angiogenesis, a better energy supply and immune tolerance resulting in increased proliferation of the carcinoma [@B55]. Elevated norepinephrine has been associated with a number of adverse outcomes of breast cancer patients [@B56]. Thus, the EMyeT hypothesis could explain why carcinomas are non-healing wounds, and why this correlates with the progress of malignancy. On the other hand, EMT is the process central in wound healing, and it is therefore difficult to interpret it as a process preventing wound-healing in the case of cancer. In contrast to physiological wound-healing process, the carcinoma remains at the proliferation phase and does not progress to the remodeling or re-epithelialization phase due to the persistent glycolytic imbalance of cancer cells.

The hypothesis that the organism perceives a carcinoma as a primary inflammatory process due to the myeloid nature of cancer cells, could explain why contrary therapeutic measures may attenuate the disease. An anti-inflammatory treatment may reduce the inflammatory-sustaining reactions of the organism, resulting in less progress of the malignant disease, while immune stimulatory treatment may induce loss of immune homeostasis, disturbing cancer progression.

The decisive question will be whether the EMyeT hypothesis and the interpretation of a carcinoma as a primary inflammatory process has any clinical and therapeutic importance. Research on prostate and breast cancer suggests that myeloid marker expressions on cancer cells correlate with aggressive tumor progression. [@B107] Furthermore, the myeloid differentiation of prostate cancer cells correlated with an increase in PD-L1 and in circulating PL1/1+ dendritic cells in patients [@B36].

The myeloid nature of cancer cells contributes to another decisive aspect of cancer. When progressing in disease, cancer cells partly develop to stages comparable to preosteoclasts and osteoclasts. This facilitates their properties of distant migration and their targeting of the bone. Thus, cancer extends beyond the primary tumor site, perceived as a primary inflammatory process, and then may disturb all those processes which are involved in bone remodeling. Solid cancer shows two aspects: a wrongly perceived inflammatory site and a false bone remodeling process, with injurious corresponding dual reactions from the organism.

Conclusions
===========

Conclusion from the EMyeT hypothesis can be drawn on various levels. First, studies on the phenotypic change of cancer cells when progressing in malignancy assumed to be EMT should be done in in-vivo studies and in carcinoma specimens to avoid the artefact of in-vitro studies. To exclude a fallacy from their results specific myeloid markers of cancer cells must be checked prior to the interpretation of the findings. Second, based on the presented EMyeT-hypothesis new interpretations of the mode of action of clinically applied antitumoral therapies will arise and may provoke completely new questions for further research. Third, a new understanding of a disease always entails new concepts of treatment. This may be the case in view of the EMyeT hypotheses as well.

![Putative origin of cancer cells by fusion and their migrating ways. Hematopoietic stem cells from adult bone marrow develop into monocytes, macrophages, Langerhans cells and osteoclasts. The progenitor cells of Langerhans cells may fuse with epithelial progenitor cells in hypoxic area in epithelial tissue and may become cancerous. Migrating cancer cells show myeloid traits, target lymph nodes like dendritic cells and metastasize at the bone site like preosteoclasts. The development is fostered by mesenchymal cells, the tumor associated fibroblast and other myeloid cells.](jcav10p3798g001){#F1}
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